Summary. Oscillator strengths based on configuration interaction wavefunctions are presented for both optically allowed and forbidden transitions in Ni. Particular attention is given to the multiplets at 951Â (2p 34 S-2p 2 3d 2 D), 952Â
Introduction
Neutral nitrogen has a rich spectrum from 950 to 1200 Â, due to transitions between the 2p 34 S ground state and the doublet and quartet states with electron configurations 2p 2 3L Observations of the corresponding interstellar absorption lines with the COPERNICUS satellite (Rogerson et al. 1973 ) have been analysed to derive both oscillator strengths (Lugger et al. 1978) and nitrogen abundances (Ferlet 1981) . Recently York et al. (1983) have used the extensive survey of Bohlin et al. (1983) of interstellar absorption lines with small oscillator strengths to re-evaluate interstellar nitrogen and oxygen depletions. The importance of using weak lines is well known, as they tend to lie on the linear portion of the curve of growth so that the resultant column densities are insensitive to details of the cloud model (see for example Spitzer 1978) . Obviously, the accuracy of such analyses will be limited by that of the adopted oscillator strengths. Unfortunately for the Ni lines analysed by York et al. there are no reliable experimental measurements and only a relatively simple theoretical calculation for one multiplet (Cowan, Hobbs & York 1982 The Cl wavefunctions give theoretical energy splittings (including those between the fine structure levels) in excellent agreement with experiment. Hence the corresponding oscillator strengths, which include those for the 951, 952 and 1160 À multiplets observed by Bohlin et al (1983) , should be reliable. These values are then used to re-evaluate interstellar nitrogen abundances. Clementi & Roetti (1974) , where Nj n i is a normalization constant:
For calculations on the even parity states, we used the Is, 2s, 2p functions given by Roothaan <£ Kelly (1963) for the ground ls 2 2s 2 2p 23 P state of Nn, since they closely resemble those of the 2p 2 nl states.
Additional orbital functions were determined using the general CI code CIV3 (Hibbert 1975 to describe the dominant Hartree-Fock (HF) configurations of the states listed in Table 3 together with important correlation effects. A Cl wavefunction takes the form
where the (O*) are single configuration functions built from one electron orbitals whose radia functions are the (P n ¡) and whose orbital and spin angular momenta are coupled according to th< prescription denoted by (a¿) to form total angular momenta L and S. For a given set of (O*) th< variationally optimal values of are the components of the eigenvectors of the Hamiltoniai matrix whose elements are The corresponding eigenvalues satisfy E^Ef xact i.e., the /th lowest eigenvalue lies above the ith lowest exact energy of the same symmetry. These inequalities constitute variational principles for both ground and excited states through which the parameters of the radial functions may be optimized. Thus we determined the parameters of the 3s, 4s, and 3d functions on the energies of the appropriate 2p 2 nl 4 P states, including also 2slp AA P to avoid variational collapse and to allow the correct counting of eigenvalues implied by the variational principle. The Ad function was optimized on the ground state to allow the inclusion of the important s-d correlation effect, and the 5s function was also optimized on the ground-state energy. Table 1 . Except for the 3d function,-the number of Slater-type basis functions, k=n-l, so that the coefficients {c /n /} are uniquely determined from the orthonormality conditions Í Pni(r)Pn'i(r)dr=6 nn .. Jo
The configurations used in the final calculations of energy levels are listed in Table 2 . The ab initio energies of the even parity states, being the eigenvalues of the Hamiltonian matrix, are compared with the experimental energies in Table 3 . For these calculations, the Hamiltonian consisted of the non-relativistic electrostatic interactions, plus the Breit-Pauli terms: spin-orbit, spin-other-orbit, spin-spin, mass-correction and Darwin terms. The principal source of error in these ab initio results is the position of the 2s 2p A 4 P level compared with the lower-lying 2s 2 2p 2 3s 4 P. Because of the different types of correlation involved in these two states, very considerable Cl wavefunction expansions would be needed to improve this splitting. In particular, a large number of 'external correlation' configurations, which we have not included in our calculations, would be needed (Oksuz & Sinanoglu 1969) . Rather, we have made adjustments to the diagonal matrix elements of the 2s 2p 4 configuration so as to achieve an accurate energy splitting between these two states (Hibbert 1980) . The relative raising of the 2s 2p 4 states reverses the order of 2s 2p 4 4 P and 2s 2 2p 2 3s 2 P, simultaneously lowering the latter so that the 2s 2 2p 2 3s 4 P-2 Psplitting is quite close to the experimental value. To obtain the second of our three columns (for each /-value) in Table 3 , we made further small adjustments to the diagonal matrix elements corresponding to the 2p 2 35 and 2p 2 As states to bring them into line with experiment. What is very satisfactory is that this resulted in splittings amongst the 2p 2 3d states which were within a few cm" 1 of the experimental values. This suggests that the Cl wavefunctions describing these 2p 2 3d states are adequate for our purposes of calculating transition probabilities, although for the calculations detailed in Table 4 , we did make the very minor adjustments in the 2p 2 3d diagonal matrix element necessary to reproduce experimental splittings.
The oscillator strengths of transitions from the ground state (with wavelengths from Lugger et al. 1978) are presented in Table 4 in both length (//) and velocity (f v ) form, together with the equivalent transition probability (^4-value) in length form only. In calculating these results, we have taken into account the different sets of radial s and p functions used in the odd and even parity states by ensuring that the correct radial functions are used in the dipole matrix element Tt CM  33  33 33  CO  CO CO  CM  CM CM  C^ c^c^  CM  CM CM  r3  c3 o5 integrals, but we have not otherwise considered the effects of non-orthogonality. For allowed transitions, we also give in level (see Table 5 ).
The oscillator strengths and transition probabilities of the possible intercombination lines are also presented in 
DISCUSSION OF THE ACCURACY OF THE CALCULATIONS
Any calculation necessarily includes only an approximate solution of Schrödinger's or Dirac's equation and is therefore subject to possible errors. We must therefore investigate the adequacy of the wavefunctions. The configurations included in the wavefunctions, which are listed in Table 2 , include internal (near-degeneracy) and semi-internal correlation, but do not include external correlation effects (Oksuz & Sinanoglu 1969) . In this way, we have limited the configurations to a manageable number. A useful assessment of whether this restriction on the set of configurations is acceptable is provided by a comparison between length and velocity forms for oscillator strengths and between these and experimental values. We noted earlier that for the 2p 34 fine-structure splitting of the levels and it is necessary to investigate how accurately the A. Hibbert, P. L. Dufton and F. P. Keenan fine-structure splittings are obtained for the various 3d states from our ab initio calculations. We have considered each LS term separately, and described it by means of the single configuration 2p 2 ( 3 P) 3d. The fine structure is then expressed in terms of (1/r 3 ) for the 2p and 3d functions. We compare in Table 6 Table 7 gives the single configuration fine-structure splittings for the 3d states, as well as the effect on the splittings of fine structure mixing between the states. With the exception of the 2 P state, our calculated splittings compare well with the experimental values of Moore (1965) . We also note from Table 3 that the relative positions of the 3d states were given accurately once the lower lying states were adjusted. The mixing of the 4 P configurations in the 2 D and 4 D wavefunctions should therefore be reasonably accurate.
In Table 8 3 The interstellar abundance of nitrogen Observed N i equivalent widths (W A ) were principally taken from the survey of Bohlin et al. (1983) , who observed many UV interstellar absorption lines towards 88 early-type stars with the Princeton high-resolution spectrograph on the COPERNICUS satellite (Rogerson et al. 1973) . Additional COPERNICUS data for several stars not observed by Bohlin et al. were taken from Lugger et al. (1978) . To derive N i column densities observed values of log (Wa/A) versus log/A were compared with those calculated from theoretical single component curves of growth, the procedure being similar to that used previously by, for example, Murray et al. (1984) and York et al. (1983) . Single cloud analyses were considered to be sufficient as a significant contribution to the N i equivalent widths from any secondary interstellar clouds would not be expected because of the small oscillator strengths of the lines involved. The range of h-values was limited to 0.3-6 km s -1 as the former is the typical thermal value for cool interstellar clouds (Spitzer 1978) , while the latter is the instrumental resolution of the COPERNICUS satellite (Rogerson et al. 1973 ) and values greater than this would be observed as broadening in the line profiles. This upper limit was not critical in any case as for 6=6 km s -1 the lines were essentially unsaturated so that increasing b would have little effect on the resultant column densities. When two or more lines were observed in the same multiplet, the range of 6-values was limited to that compatible with their equivalent widths (including their estimated error bars). For single lines the full 6-value range of 0.3 to 6 km s _1 was considered.
In Table 9 the adopted 6-values and logarithmic nitrogen to hydrogen ratios [N/H] (on the scale log [H] = 12.0) are summarized along with the total hydrogen column densities log A(H TO t) (=log [A(Hi)+2^(112)]) from Bohlin et al. (1983) and Bohlin, Savage & Drake (1978) . Since the ionization potential of nitrogen is approximately 0.94 eV greater than that of hydrogen, Nn should make a negligible contribution to the total nitrogen column densities in the cool line-of-sight Hi regions. The values of [N/H] in Table 9 should therefore represent the total gas-phase nitrogen abundances in the stellar sightlines. Error estimates for [N/H] include uncertainties from the 6-values and observational errors. Following the scheme of Bohlin et al., (1983) The choice of stars were limited to those (i) with small observational errors so that the adopted 6-value range was small enough to yield column densities accurate to ±0.4 dex, or (ii) with small enough equivalent widths (typically <3 mÂ) that the 6-value choice was not critical or (iii) with Lambert (1978) for the Sun and Dufton, Kane & McKeith (1981) for unevolved B-type stars. It can be seen from Table 9 that for the reddened and moderately reddened stars, the results are consistent with there being little or no depletion of nitrogen in the lines-of-sight. However for the unreddened stars there is some evidence for a small depletion of approximately 0.2 dex. In view of these differing depletion patterns we will discuss the unreddened and reddened/moderately reddened stars separately.
UNREDDENED STARS
The average depletion of 0.2 dex is unexpected as normally those species found to be depleted in the interstellar medium such as Mg n (Murray et al. 1984) , Ti ii (Harris, Gry & Bromage 1984) and Can (Phillips, Pettini & Gondhalekar 1984) have depletion increasing with reddening, generally thought to be due to the adhesion of atoms or ions to interstellar grain surfaces in the denser regions (Duley & Millar 1978) . How nitrogen could show an opposite trend is unclear, although there are several possibilities. These are discussed below: (i) There may be a systematic error in the observed equivalent widths of the N n 952 Â lines. A. Hibbert, P. L. Dufton and F. P. Keenan However, as discussed by Bohlin et al. (1983) , such errors are certainly much less than the 60 per cent change typically required to remove the depletion for the unreddened stars.
(ii) The 952 Â multiplet oscillator strengths may be approximately 60 per cent too large. However, in Section 2.2 we noted that/-values for the 952 Â multiplet should be accurate to 10 per cent.
(iii) A more interesting alternative is that the material in the line-of-sight to the unreddened stars is actually underabundant in nitrogen with respect to the adopted value. In this context we may note that of the nine unreddened stars to show nitrogen depletion, seven lie at / n =303±14 o , ¿> n =+5±10 o at distance of typically 150 pc (see tables 1 and 3 of Bohlin et al. 1978 and respectively). Hence the lines-of-sight to these stars may be mainly sampling a common cloud. Additionally, the two unreddened stars with normal [N/H] ratios (J Pup and y Cas) are at / n =256 0 , b n =-5° and / n =124 0 , b u =-2° respectively, well away from these sightlines. It is therefore possible that the Hi material towards the region / n =303°, 6 n =+5 0 may be nitrogen-deficient. The postulation of a nitrogen deficient cloud is not entirely speculative as such a composition has been inferred for other interstellar material by, for example, Keenan et al. (1984) .
(iv) The values of A(H TO t) may be overestimated for the unreddened stars. As these objects have relatively small interstellar Lyman a equivalent widths (from which 7V(Hi) is determined), there is a possibility of contamination by the significant stellar Lyman a features. Hence the derived H i column densities may be too large which would lead to underestimates for [N/H]. If this is indeed the case, other species in the sightlines to these stars should show similar anomalous depletions. In Table 10 the nitrogen depletions D(N) (defined as [N/H]-7.96) for the unreddened stars are summarized along with those for oxygen (York et al. 1983 ) and magnesium (Murray et al. 1984) , other elements for which depletions have been accurately determined (two stars, £ Cen and 6 Car, have been excluded as no reliable oxygen abundances are available). Although these results are ambiguous, for the sightlines with the most accurate abundances (towards the stars a Vir, A Lep and <5 Lup), there is some evidence for a common depletion factor in all three elements, which supports the theory that A(H TO t) may have been overestimated.
REDDENED AND MODERATELY REDDENED STARS
Nitrogen appears to be undepleted towards the reddened and moderately reddened stars, in contrast to the results of Ferlet (1981) and York et al. (1983) Morton (1978) and the methods outlined by Murray et al. (1984) . approximately 70 per cent and 50 per cent of the cosmic abundance value respectively. This change in depletion is due almost entirely to the adoption of the/-values in Table 4 , which are between 25 and 75 per cent smaller than those used by York et al. ( see table 2 of Bohlin et al. 1983) . From their dataset, York et al. concluded that the main mass in grains may be an amorphous mixture of C, N and O. However our results suggest that the grains are predominantly C and O, as these elements show much larger average depletions [Z)(C)=60 per cent, Jenkins, Jura & Loewenstein 1983; Z)(O)=40 per cent, York et al] , and are also more abundant astrophysically (Lambert 1978) . The fact that [N/H] is independent of A^(H TO t) and hence indirectly the gas density /î h implies that nitrogen is not a major constituent of grain surfaces, which is expected due to its small binding energy (Trivedi & Larimer 1981) .
Conclusions
The principle conclusions are as follows:
(i) Oscillator strengths have been calculated for multiplets observed as interstellar absorption lines. These results have estimated accuracies of 20 per cent.
(ii) A small depletion of nitrogen (-0.2 dex) is found for the lines-of-sight towards some of the unreddened stars. The most plausible explanations of this are (a) that nitrogen is underabundant in the relevant interstellar cloud or (b) the hydrogen column densities have been overestimated.
(iii) Nitrogen has a normal abundance towards moderately and highly reddened stars. Hence nitrogen is probably not a major constituent of either grain cores or grain mantles, this being consistent with theoretical predictions (see, for example, Field 1974; Duley & Millar 1978) .
